Sequences of the dnaK gene, coding for the 70-kDa heat shock protein (HSP70), were determined for six members of the order Planctomycetales, including representatives of three genera, and for the only cultivated member of the order Verrucomicrobiales, Verrucomicrobium spinosum. A fragment of the dnaK gene was amplified from these strains by PCR with oligonucleotide primers targeting regions of the dnaK gene that are conserved at the amino acid level, and the resulting PCR products were cloned into a plasmid vector. Sequence analysis of the cloned dnaK fragments revealed the presence of two different types of dnaK sequence in one of the planctomycete strains, Planctomyces maris, and in V. spinosum. Only one type of dnaK sequence was found for each of the remaining strains. Phylogenetic analysis of the partial sequence data suggested that the majority of planctomycete strains, including one of the Planctomyces maris sequences, form a coherent phylogenetic group branching adjacent to other main lines of descent within the domain Bacteria, as has been shown previously by 16S rRNA sequence analysis. One of the two V. spinosum dnaK sequences also appears to constitute a separate lineage within the gram-negative bacteria. Each of the remaining sequences from P. maris and V. spinosum, together with the single sequence obtained from Planctomyces limnophilus, appeared to be unrelated to the other planctomycete sequences and to occupy a position distant from that of other gramnegative bacteria. The phylogenetic diversity of dnaK sequences exhibited by P. maris and V. spinosum was comparable to that found in Synechococcus sp. strain PCC7942 and Escherichia coli, the only other prokaryotes for which a dnaK multigene family has been demonstrated.
The 70-kDa heat shock protein (HSP70) is one of a set of proteins referred to as stress or heat shock proteins (HSPs), which are synthesized in greater amounts under conditions of stress, including elevated temperature, hypoxia, and exposure to ethanol, and are thought to protect the cell from the toxic effects of these stresses (21) . HSP70 also constitutes a major cellular protein under normal growth conditions and is essential for normal growth (6, 10) . In eukaryotes, HSP70 is part of a multigene family, some members of which are present in different cellular compartments or expressed under different physiological conditions (18, 42, 46) . The gene encoding a protein related to HSP70 in the domain Bacteria is called dnaK (2) . The only prokaryotes for which a dnaK multigene family have been previously demonstrated are the cyanobacterium Synechococcus sp. strain PCC7942 (25, 26) and Escherichia coli (32) .
HSP70 is one of a number of proteins which are both ubiquitous and highly conserved in their amino acid sequence and therefore are useful for measuring phylogenetic relationships among members of the Bacteria and between Bacteria and members of the other two domains (4, 7, 14, 16) . In most cases, the phylogenies obtained from conserved protein sequences are compared against those obtained from 16S rRNA and rDNA, which can be considered the benchmark molecule for the reconstruction of phylogenetic relationships among members of the Bacteria (27, 36, 47) . Some protein sequences, for example ATPase ␤-subunits and elongation factor EF-Tu (22) , produce trees that correlate well with those obtained from small-subunit rRNA data, supporting the phylogenetic distinctness of the domains Bacteria and Archaea (47, 48) and recovering similar phylogenies within the domain Bacteria. Some of these proteins allow better resolution of phylogenetic relationships within groups of closely related members of the Bacteria than can be obtained with 16S rRNA, for example, phylogenetic analysis of DNA gyrase subunit B sequences for members of the genera Pseudomonas (49) and Acinetobacter (50) . Another category of proteins produce phylogenetic trees that appear to contradict the three-domain classification system based on rRNA sequence analysis of Woese et al. (48) and the common ancestry of the domains Archaea and Eucarya based on protein sequence data from duplicated gene families (11, 19) . These proteins, including HSP70 (13, 14, 16, 17) , glutamine synthetase (5, 33, 40) , and glutamate dehydrogenase (3, 33) , indicate a specific relationship between the Eucarya and the gram-negative bacteria, on one hand, and between the Archaea and the gram-positive bacteria, on the other hand, rather than between the Archaea and the Eucarya. The HSP70 tree topology is supported by shared HSP70 sequence signatures characteristic for certain groupings (13) .
Within the domain Bacteria, dnaK sequences are available for relatively few lineages, with no sequences from representatives of the orders Planctomycetales and Verrucomicrobiales. The phylogenetic distinctness of members of the orders Planctomycetales (31, 34, 35, 43) and Verrucomicrobiales (44) and the phylogenetic diversity within these orders (43, 44) justify their inclusion in attempts to reconstruct phylogenetic relationships among members of the domain Bacteria and between the Bacteria, Archaea, and Eucarya, using HSP70 sequences. To allow comparative phylogenetic analyses with a more representative selection of phylogenetic diversity within the domain Bacteria, we obtained dnaK sequence data from six members of the order Planctomycetales and from Verrucomicrobium spinosum. The dendrograms presented or described in this paper were constructed with the treeing algorithms contained in the PHYLIP package (9) . SEQBOOT was used to generate 100 data sets from the sequence data by the bootstrapping approach (8) . Similarities were calculated with PROTDIST and the PAM120 matrix. NEIGHBOR was used for the construction of neighbor-joining (29) trees from the sequence similarity values, and a consensus neighbor-joining tree was obtained with CONSENSE.
RESULTS

PCR-mediated amplification of dnaK.
A fragment of the dnaK gene was successfully amplified by PCR from six planctomycete strains and V. spinosum. The amplified fragment was approximately 650 nucleotides in length and corresponded to the sequence encoding amino acid positions 148 through 364 of Escherichia coli HSP70 (2) .
Direct sequencing of dnaK PCR products. Partial dnaK sequence data were obtained for six planctomycete strains and V. spinosum. The number of clones sequenced for each strain were as follows: Planctomyces limnophilus, 15; Planctomyces maris, 10; Planctomyces brasiliensis, 11; Pirellula marina, 10; Pirellula staleyi, 9; strain 140, 3; V. spinosum, 9.
The deduced amino acid sequences determined in this study showed sequence similarity to other currently available HSP70 sequences. Two different dnaK sequences, encoding different HSP70 proteins, were obtained for each of P. maris (clones 1 and 8) and V. spinosum (clones 1 and 4). Only one type of dnaK sequence was detected for each of the remaining strains. Multiple dnaK genes have been previously found in only two prokaryotes, the cyanobacterium Synechococcus sp. strain PCC7942, for which three different dnaK sequences were found (25, 26) , and Escherichia coli, for which a gene bearing sequence similarity to dnaK was described in 1994 (32) . The multiple dnaK sequences within the strains investigated in this study were not closely related to each other. For example, the P. maris clone 8 sequence shared only 41.7% amino acid identity with the P. maris clone 1 sequence. This value is significantly lower than the level of amino acid identity between P. maris clone 8 and other planctomycetes (70.7 to 75.7%) and between clone 8 and other representatives from the domains Bacteria (59.8 to 69.1%). The two dnaK sequences from V. spinosum (clones 1 and 4) shared 50.6% amino acid identity. This is comparable to the 49.6% amino acid identity shared by the two most unrelated dnaK sequences from Synechococcus sp. strain PCC7942 (25, 26) .
Phylogenetic analyses. To determine whether the partial dnaK sequences obtained in this study could be used with confidence for phylogenetic analysis, two data sets were used. Data set 1 contained the translated partial dnaK sequences determined in this study and translated reference dnaK sequences from representatives of the main lines of descent (Fig. 1) . The reference sequences in data set 1 were truncated to include only the positions present in the planctomycete sequences, i.e., amino acid residues 148 through 364 (E. coli nomenclature). Data set 2 contained the truncated reference sequences as in data set 1 but none of the sequences determined in this study.
Comparison of sequences in data set 1. Phylogenetic analysis with data set 1 (truncated reference sequences plus planctomycete partial sequences) suggested that the dnaK sequences of the planctomycetes and V. spinosum fall in two different places in the tree (Fig. 2) . The consensus neighborjoining tree presented in Fig. 2 shows that Pirellula marina, Pirellula staleyi 140, and P. maris clone 8 form a cluster within the radiation of the group containing the members of the class Proteobacteria, the Chlamydia species, and Borrelia burgdorferi as representatives of the gram-negative bacteria, and the mitochondrial HSP70s. V. spinosum clone 1 is also evident as a lineage within this group, branching adjacent to the mitochondrial sequences. The planctomycetes appear to form a coherent phylogenetic group, as evidenced by this group being recovered in 98% of trees generated (Fig. 2) . The phylogenetic positions of these strains agree with the tree topologies produced from 16S rDNA sequence data (20, 34, 35, 44) ; i.e., the planctomycetes and V. spinosum appear not to be closely related to other members of the domain Bacteria. These planctomycete sequences and the sequence of V. spinosum clone 1 will be referred to from here on as the group I sequence type. The other planctomycete sequences (P. limnophilus and P. maris clone 1), together with V. spinosum clone 4 and Mycoplasma genitalium (from now on referred to as the group II sequence type), appear to occupy a position adjacent to the members of the domain Eucarya. The grouping of these sequences (group II) with the Eucarya was recovered in only 33% of the trees generated from the bootstrapped data set, indicating that this is not a stable topology. The phylogenetic distance between the two different dnaK sequences of P. maris and between those of V. spinosum is at least as great as that previously reported for the three dnaK homologs of Synechococcus sp. strain PCC7942 (25, 26) .
Comparison of partial reference sequences only (data set 2). To determine whether the inclusion in the analysis of partial dnaK sequences from the planctomycetes and V. spinosum had affected the phylogenetic relationships between the reference sequences, a consensus tree was constructed from neighborjoining trees based on 100 resamplings of data set 2 (truncated reference sequences). The tree obtained (data not shown) recovered the same groupings as were found when the sequences determined in this study were included (Fig. 2) , with the exception that Mycoplasma genitalium was found to group with the other low-GC gram-positive bacteria, as reported recently by Falah and Gupta (7), rather than adjacent to the Eucarya as indicated, albeit with low statistical significance, in Fig. 2 . The topology of Fig. 2 suggests that the inclusion of partial sequences from the planctomycetes and V. spinosum has distorted the reconstruction of phylogenetic relationships between Mycoplasma genitalium and other members of the Bacteria.
DISCUSSION
Comparison with previously published HSP-based phylogenies. The tree presented here reproduced approximately the same clusters of higher relationship seen in previous reports of HSP70-based phylogenies. The internal branching order of the clusters containing representatives of the actinomycete line of descent, the class Proteobacteria, and the domain Eucarya were almost exactly as previously depicted (17) . Relationships observed in other analyses, such as between the chloroplasts and the cyanobacteria, between the Chlamydia species and B. burgdorferi, and between the mitochondria and the Proteobacteria (7), between the actinomycetes and the halophilic Archaea (14, 17) , and between the Clostridium species and the methanogenic archaeon Methanosarcina mazei (16, 23) , were also found in the analyses performed in this study. However, at the level of lower relationship, there were profound differences between the tree presented by Gupta and Singh (17) and that obtained in this study, as described above. It is not possible to determine with certainty the cause of discrepancies between the tree topologies produced in this study and those of previous investigations, but the use of partial sequences may be responsible. 
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Phylogenetic conclusions. The first conclusion of this study (from examination of the group I type sequences) is that analysis of HSP70 sequences suggests that the planctomycetes and V. spinosum form two phylogenetic lineages within the domain Bacteria that are not closely related to members of other lineages. The second observation (from examination of the group II sequences) is that the planctomycetes and V. spinosum possess a HSP70 protein that appears to have some phylogenetic relationship to those of members of the domain Eucarya.
The latter finding suggests two possible explanations. The ancestral gene of the group II sequences could be viewed as a candidate for the gram-negative partner in the fusion event that gave rise to the eukaryotic cell, as proposed by Gupta and coworkers (12, 13, 15) . A common ancestry of the planctomycetes and V. spinosum is suggested, albeit not with high statistical significance, by analyses of 16S rRNA and rDNA sequences (1, 44) .
An alternative explanation for the apparent relationship between the group II sequences and the Eucarya is a higher than normal rate of evolution in the dnaK genes of the planctomycetes and Verrucomicrobium, which caused the loss of positions that are conserved in bacterial and archaeal dnaK sequences and, as a consequence, a false similarity to the eukaryotes and to each other. Rapid evolution in planctomycetes has been previously suggested to be the origin of the large phylogenetic distances that separate planctomycetes from other bacteria on the basis of 16S rRNA and rDNA sequence analysis (35) . This explanation for the phylogenetic position of the group II sequences is supported by the presence in these sequences of a 4-amino-acid insertion at position 320 (in the E. coli sequence), which is reported to be a signature for members of the domains Bacteria and Archaea (13) , and the absence of any of the signatures identified as unique to the domain Eucarya (13) . Further evidence that the phylogenetic position of the group II sequences does not indicate common ancestry with the Eucarya is provided by the overall sequence similarity values. The group II sequences do not have a higher similarity to the Eucarya sequences than to the Bacteria and Archaea sequences (data not shown), which would be expected if group II and the Eucarya had a common ancestor. Although the possibility that the planctomycetes and V. spinosum acquired the group II sequence type by lateral transfer cannot be excluded, some authors (15) have argued against this route on the grounds that phylogenies reconstructed from other genes, e.g., glutamine synthetase, concur with those produced from dnaK/HSP70. HSP70 multigene family. Three of the planctomycete strains investigated (Pirellula marina, Pirellula staleyi, and strain 140) were found to have only the group I type HSP70, one (P. limnophilus) had only the group II type, and both types were found in P. maris and V. spinosum. Two chromosomal loci for dnaK have been demonstrated for P. limnophilus (45) and strain 140 (unpublished data), suggesting that a group I type HSP70 sequence for P. limnophilus and a group II type HSP70 sequence for strain 140 might be present, and escaped detection in this study. The presence of only one dnaK locus in Pirellula marina (unpublished data) indicates that only the group I type sequence may be present in this strain. The number of dnaK loci in P. maris is not known. To determine whether the apparent similarity between the group II sequences and the domain Eucarya is genuine or artifactual, dnaK sequences should be obtained from more planctomycete strains and the presence of group I or group II sequence types should be determined. The same analyses should be performed for members of other phylogenetic lineages within the domain Bacteria, including those for which (group I type) dnaK sequences have already been found. The presence of undetected group II dnaK sequences is possible.
As a result of this investigation, nine additional partial dnaK/ HSP70 sequences have been added to the database of available HSP70 sequences. This will allow HSP70 sequence comparison to be performed with a more representative selection of phylogenetic diversity within the domain Bacteria-an important consideration given that HSP70-based phylogenies have been cited as evidence for a model of evolution of the eukaryotic cell.
Although the use of partial sequences to reconstruct phylogenetic relationships, as described in this study, is not ideal and may contribute to branching-point instability, the results of our analyses suggest that dnaK-based phylogenetic analysis in planctomycetes and V. spinosum is worthy of further study. Complete dnaK sequence data from these strains may allow a more stable phylogeny to be reconstructed in the future.
